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| ABSTRACT

The sensitivity and selectivity of double modulation Fourier Transform Infrared
Reflection Absorption Spectroscopy for absorbing species on a reflecting surface has
been employed for the in situ analysis of low temperature Plasma Enhanced Chemical
Vapor Deposition formed SiO5 films deposited on HgCdTe, Silicon, and Aluminum
substrates. An oblique angle of incidence of ca. 55° was chosen to yield maximum
sensitivity for the longitudinal optical phonon mode of SiOj on Si. The peak frequency
and shape of the LO mode absorption band varied with the quality of the SiOy films
thus providing a means of in situ assessment of reaction conditions at any stage of film
growth. This diagnostic technique can be readily applied to the in situ analysis of

dielectric thin films formed under a variety of reaction conditions.
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INTRODUCTION

Dielectric thin films of SiOj, formed at low substrate temperatures by Plasma
Enhanced Chemical Vapor Deposition (PECVD) have been used to fabricate microelec-
tronic devices of temperature sensitive materials. Of particular interest to the authors
is the compound semiconductor HgCdTe (MCT). The optimization of the process of
deposition to yield high quality dielectric layers and dielectric/semiconductor interfaces
has required the proper choice of many variables (e.g., choice of reactants, flow rates,
pressure, carrier gas dilution, substrate temperature, reactor configuration)(1). This is a
tedious and expensive procedure which could be greatly expedited by the availability of
in-situ analytical diagnostics. SiO» thin films have been characterized by many tech-
niques, e.g., capacitance and impedance measurements, ellipsometry, etch rate, Auger,
XPS, photoelectron, Rutherford back scattering, and infrared vibrational spectroscopies.
With the exception of ellipsometry (2), none of these techniques have been applied to an
in-situ analysis of thin films. In this paper we present an IR spectroscopic method for
evaluating PECVD SiOj thin films in-situ, thus enabling on-line reaction parameter
adjustment.

IR transmission spectroscopy has been used successfully as a nondestructive technique
for analysis of SiO7 thin films (3-9). Normal incident IR spectra of SiO) show absorp-
tion bands at 1080 cm'l, 800 cm'l, and 455 cm'l, corresponding to Si-O stretching,
bending, and rocking vibrations respectively (10). Impurities such as Si-OH (3660), Si-H
(2250), N-H (3400), and H-OH (1630) are also observable. The reststrahlen band (1080
cm'l) is the most prominent feature of the SiO; spectrum and arises from the inter-
action of the IR photons with the transverse optical (TO) mode phonons. The position
and shape of this band are sensitive to SiOy stoichiometry, density, and nitrogen
impurities (3-9). In-situ analysis of SiOj thin films by transmission spectroscopy on

various substrates has not been attempted due, in part to, the severe restrictions placed
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4
upon the reaction chamber configuration. Berreman first reported (11) that the
longitudinal optic (LO) modes of thin films of cubic crystals strongly absorb p polarized
light at non-normal angles of incidence. The LO mode of oxide layers on technical Si
wafers has been observed using oblique angle external reflection IR spectroscopy (12,13).
The intensity of the LO band is dependent on the angle of incidence of the p polarized
light and is observable in either non-normal angle of incidence transmission spectro-
scopy or external reflection spectroscopy when the thin films are on a metailic or ’
dielectric substrate. The frequency of longitudinal optical phonons, wy, is related to
that of transverse optical phonons, w;, by the Lyddane-Sachs-Teller relation (14):

w2 /w? = esoleq (1)
where €, is the dielectric constant at the high frequency limit (where thc ions cannot
follow the oscillation of the electric field and polarization is due entirely to electron
motion) and ¢, is the dielectric constant at the low frequency limit. The LO peaks
occur at maxima of Im(-1/¢) (¢ = €; + i¢, is the dielectric constant) and the TO peaks
occur at maxima of ¢,. The differences in both the peak frequency and intensity of the
LO mode from that of the TO mode are due to the sensitivity of the longitudinal
components of infrared-active vibrations to long-range electric forces within the film in
addition to the short-range interatomic forces that affect both modes (15).

Sensitivity is the limiting factor in the spectroscopic detection of thin films.
Fourjer Transform Infrared Reflection Absorption Spectroscopy (FT-IRRAS) employing a
high frequency polarization modulator was chosen for this study. This double modulation
technique (16,17) provides superior performance characteristics, such as the spectral
coverage attainable with adequate signal to noise in a short time, the reduction in
detector noise at the characteristic frequencies of the normal (dc) rapid scan inter-
ferogram and the high frequency modulated interferograms, and the cancellation of the
polarization insensitive absorptions. The developmental groundwork of several groups

(16-21) was used to establish the experimental configurations used in this work. A
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photoelastic modulator is used to rapidly modulate the phase delay, &, between the

s and

p polarized components of the light at a frequency w. The total intensity reaching the

detector as a function of time and wavenumber, ¥, is:

I(7.0) = C [ 1+p2 + (1-p%)cos® - 2psinAsind ]
where
® = A(A)sinwt |
p =tany =r /r,, and A = 6,-6, in terms of the Fresnel coefficients rpexp(ié;) and

reexp(is,). After expansion of the sin/cos terms using Bessel functions, one obtains:

I(7.0) = C ([1+0% + (1-pP)Jo(A)] - 4pJ,(A)sinAsinwt + 2(1-p%)J (A )cos2wt)

and then, ratioing the 2w term to the "dc" gives
Iw/lae = 2(1-p2)I5(A)/[1+p% + (1-p2)]o(A)]
which reduces to
Iw/lae = Jo(A)dg - 1p)/(Is + Ip)

when Jo(A=137.8°) = 0, and using p? = Ip/Is. Since the amplitude A()\) of the phase
delay is wavelength dependant, the above analysis is rigorously correct only at the
wavelength corresponding to A=137.8°(19), at which optimal sensitivity is obtained.

dependance of I,,/I4. on the Bessel functions (eqn. 5) in our FTIR experiments is

(2)

(3)

(4)

(5)

(6)

The

corrected for by computing a spectral change, 6S, between a modified surface and the

original surface:

S (lzw/ldc)null (Izw/ldc)null
8 = —— —_— —_—

(I2w/Tde)ecatib (I2w/Tac)catib |
modified original
where the I5,/I,. obtained at the null position of the polarizers is ratioed to that

obtained when both polarizers are parallel to either the s or p orientation of the

surface.
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The absorption by a thin film of p polarized light at an oblique angle of incidence has
the potential, under optimum conditions, of being 25 times more sensitive than normal
angle of incidence transmission through an unsupported thin film (20). Figure 1 shows
the variation of the reststrahlen TO peak intensity modeled from reportcd-diclectric
constants (21), and that of the corresponding LO mode peak, with angle of incidence for
R a thin film of SiOj on Si. It is noteworthy that the TO mode would be completely
suppressed in the case of a metallic substrate, due to the negligible electric field at the

interface parallel to a metallic surface.

EXPERIMENTAL

The PECVD reaction chamber used is a modification of one previously described (1)
and is shown schematically in Figure 2. The modification consisted of fitting the quartz
reaction chamber with two KBr windows on the sides of the reactor tube, oriented so
that the optical path was normal to the axis of the reactor tube and the angle between
the incoming and reflected beams was 112 degrees at the sample. This modification is

{ shown in more detail in Figure 3. The plasma was usually confined to within the rf

coil and optimum growth was obtained in the geometry shown (1). The distance from

the windows to the sample was 12 cm. The clear aperture of the windows was 2.54 cm
and was the limiting aperture of the light focused on the sample. Thus the angle of

b incidence on the sample was variable between 50 and 60 degrees. Both Si and Hgj_

' xCdxTe (MCT)(x=.3) single crystal substrates were used for deposition of the dielectrics.
The Si crystals were (100) oriented, n-type, 50mm dia. polished wafers. The MCT
crystals were 15mm dia., unoriented, n type (Ng < 5xlOl5cm‘3), wafers that had been
polished and etched in Br/methanol solutions.

Silane (0.5% in argon) and nitrous oxide were used as reactants. The optimal reaction

conditions were flow rates of 50 and 25 sccm for N7O and SiHg4/Ar, respectively, at a
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pressure of 400 mtorr in the reactor. All layers were deposited on samples at 70° C ’
and employed a rf power of 25 watts at 13.5 MHz. Extensive work had been performed
[ ]
previously to determine the conditions to give the best quality films (1). Film :" ;
I
w
thicknesses were measured by ellipsometric measurements at 632.8nm. e
A
The spectra were obtained with a FTIR spectrometer (Mattson Instruments, Sirius 100) $
‘ at 4 cm~! resolution. The IR light was polarized by passing through an etched metallic ,,.:
I >
j gird on ZnSe (Science Services Inc.) and modulated at 28KHz using a photoelastic ": d
modulator (PEM)(Hinds International). The IR signals, sensed by a liquid nitrogen ';;_
»
cooled photoconductive MCT detector, consisted of interferograms at the various w3
)
.
harmonics of the PEM carrier frequency. The normal (dc) interferogram was isolated by )
!
“w
two low pass filters (Ithaco 4302 Dual 24dB/Octave) in series, while the interferogram Y,
L]
carried on the second harmonic of the PEM frequency was demodulated by a lock-in
amplifier (Brookdeal, model 9503) using the smallest possible time constant (0.1 :::'.

-

milliseconds) in order to pass the necessary side band information. Additional analog

L

filters (Ithaco 4302 Dual 24dB/Oclave Filter) isolated the frequencies of interest in the
2w interferogram. The relationship between Fourier frequency, f, wavenumber, ¥, and
mirror velocity, Vs, is f = 27, which was used to calculate the filter settings.

Typically, the mirror velocity was 1.27 c¢ai/s, and the wavenumber region of interest was
4000 to 700 cm~!. 100 scans and 500 scans were averaged for the dc and 2w

interferograms respectively. The RF power was turned off and film growth stopped

during measurements because of inadequate electrical shielding of the detector. The

specific filter settings are given in figure 3.

A

P
g

A calibration spectrum was obtained from a reference aluminum mirror or from a bare

¥
e

[ ]
substrate prior to CVD deposition by orienting both polarizers parallel to p (or s). The Z::'
null interferogram was obtained when the second polarizer, A (see figure 3), was left in :"',
- -
19
the p polarized position and the first, P, was adjusted to minimize the peak amplitude W
]
Legs o
of the 2w interferogram, i.e., setting "Iy equal to /§". The normal FFT algorithm uses .:_:.j
=,
.-
"
N.,,‘l\’
. LIPS "y I - « RO A R K -'.:. C.'.r.">'~ - e -- "f'{_‘{'}'-{‘"'-l
B L R e LA AT S PN, o N N N N, GG LA P DR SR URTITIOINCVUIAL A s v i s A,




LS Sl hAL SN

the position of the largest positive peak in the interferogram as the zero path
retardation pcak from which it calculates the phase information necessary to correctly
transform the interferogram into spectral intensities. Since the /g - Ip peaks can be
either positive or negative and the point of zero path retardation represents the sum of
all intensities, it is not necessarily the most intense peak in the interferogram. Thus it
was necessary to use the phase information from the 2w calibration interferogram to

process the nulled signal 2w interferogram.

Figure 4 shows the spectra for SiO> deposited by PECVYD sequentially on an MCT
substrate and an Al substrate. The intensity of the spectral change in the 1.O peak of
SiO7 increased with the thickness of the film in a slightly nonlinear fashion as shown
in Figure 5. No increase in O mode peak intensity was observed for films over 2500 A
thick. However, the TO mode peak increased steadily with film thickness. On St and
MCT substrates, the LO peaks are negative and represent a loss in reflectivity whereas
the TO peaks are positive and are caused by an increase in reflectivity. The TO peaks
of Si0y were observed on Si and MCT substrates but were completely suppressed on an
Al substrate. 1he peak frequency of the LO modc band varied with reaction conditions
and was always less than that observed for thermal oxide grown on Si. IR spectra of
three, equal thickness, SiO5 films prepared in different ways, are shown in Figure 6.
Two samples (Figure 6b and 6¢) represent the observed extremes, due to reaction
conditions (1), in PECVD growth quality while the third is a thermally grown oxide
(Figure 6a) which indicates the optimum IR spectrum of an SiO) film.

The results obtained for PECVD films deposited on Si, MCT, and Al substrates using

similar reaction conditions were the same, with the exception of the suppression of the

TO mode peak on Al. The peak frequency of the LO mode shifted to higher wavenum-
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ter by ca. 10 cm™! as the film thickness was increased from ca. 50 A to ca. 500 A afte:

which the peak frequency became independent of film thickness. SiO; films less than

50 A thick exhibited absorption bands that were too broad for accurate determination of

peak frequencies.

A shift in the optical properties of a PECVD sample was observed when annealed
overnight in air at 450° C. The optical properties as determined by ellipsometry
changed from an index of refraction and thickness of 1.420 and 2110 A, respectively, to
1.425 and 1782 A. The LO mode peak frequency moved from 1234 em~ ! to 1246 em™ L.

The LLO mode peak frequency and optical constants of several SiOj films, prepared by
different methods, were determined and are presented in Table I. The frequency of the
LO mode peak increases with the temperature of the preparation method. Films grown
in two reaction chambers were evaluated. The films grown in the reaction chamber
fitted with the IR windows were not as good (lower optical constants and LO mode peak
frequencies) as those grown in the chamber without IR windows. Also, differences in
film quality were noted when the wa®»rs were placed on a pad of filter paper versus
when the wafers were placed directly on the graphite support block.

Silicon wafers that were polished on both sides were placed on an aluminum mirror to
evaluate the effect of increased reflectance from the mirror. It was observed that the
sensitivity for the LO mode peak was not improved by the presence of the mirror as
compared to samples that were polished on one side and rough on the back surface even
though the intensity of the reflected light was significantly increased. As shown in
Figure 7, an interstitial oxygen peak at 1106 cm™’ (25) was observed when this Si wafer
(both sides polished) was placed on the aluminum mirror. This peak is not observed for
samples with rough backs since the light that passes through the wafer is diffusely
reflected and does not reach the detector. The presence of the native SiOy layer (ca.

15 to 20 A thick) is observable when the spectrum from this Si wafer on Al is sut -

tracted by that from the bare Al wafer as shown in Figure 7. The signal from the
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ber by ca. 10 em™! as the film thickness was increased from ca. S0 A to ca. 500 A after

which the peak frequency became independent of film thickness. SiO> films less than

S0 A thick exhibited absorption bands that were too broad for accurate determination of

peak frequencies.

A shift in the optical propertics of a PECVD sample was observed when anncaled
overaight in air at 450° C. The optical properties as determined by ellipsometry
changed from an index of refraction and thickness of 1.420 and 2110 A, respectively, to
1.425 and 1782 A. The 1.O mode peak frequency moved from 1234 em™ 1o 1246 em™ 1.

The LO mode peak frequency and optical constants of several Si0> films, prepared by
different methods, were determined and are presented in Table 1. The frequency of the
[.O mode peak increases with the temperature of the preparation method. Films grown
in two reaction chambers were evaluated. The films grown in the reaction chamber
fitted with the IR windows were not as good (lower optical constants and 1.LO mode peak
frequencies) as those grown in the chamber without IR windows. Also, differences in
film quaility were noted when the wafers were placed on a pad of filter paper versus
when the wafers were placed directly on the graphite support block.

Silicon wafers that were polished on both sides were placed on an aluminum mirror to
evaluate the effect of increased reflectance from the mirror. It was observed that the
sensitivity for the LO mode peak was not improved by the presence of the mirror as

compared to samples that were polished on one side and rough on the back surface even
though the intensity of the reflected light was significantly increased. As shown in
Figure 7, an interstitial oxygen peak at 1106 em~! (25) was observed when this Si wafer
(both sides polished) was placed on the aluminum mitrror. This peak is not observed for
samples with rough backs since the light that passes through the wafer i1s diffusely
reflected and does not reach the detector. The presence of the native SiOy layer (ca.
I5 to 20 A thick) is observable when the spectrum from this Si wafer on Al is sub-

tracted by that from the bare Al wafer as shown in Figure 7. The signal from the
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values of S versus angle of incidence over the reststrahlen band region (700 to 1500 S
cm'l). As can be seen from Figure 9b, the best sensitivity can be obtained on either ;::
side of Brewsters’ angle, 72°. In this work the light is focused on the sample, giving a '-
range of incidence angles (~10°), hence the incidence angle of ~56° was selected. The _E
model calculations used Fresnel equations (11) with no approximations and optical Eg'-
constants for SiOj and Si (21). Only calculating the change in the p polarized X
component, while valid for metallic substrates, should be avoided for dielectric E
substrates because the p polarized reflectivity is zero at Brewsters® angle. ?
)

The model calculations show that the optimum angle of incidence varies with film

thickness (Figure 10). The calculation of the film thickness dependence of S shows

. % \’

that there is an optimum thickness for a maximum &S intensity, known as the Berreman

thickness (12). For 55° and 60° the Berreman thicknesses are 1720 A and 1110 A

)

respectively. However, this effect was not observed in the present work (Figure 5)

-
where the IR beam was focussed on the sample, and the angle of incidence is between et
50 and 60 degrees. This range of angles includes the optimum angle of reflection for a !_

"
maximum in §S for films up to 2000 A thick, and thus prevented the experimental :‘_
observation of the Berreman thickness effect. There is good agreement for the :t
thickness dependence of 6S intensity at the LO band and the &S intensity versus _.'.
thickness calculated at the optimum angle for each thickness (Figure 10c). :;

The LO mode peak frequency for the low temperature PECVD grown films was E:
observed to be always less than that for thermal SiO. It was previously observed that !

-

-

thermal SiO7 has the same transmissicn IR spectrum as bulk vitreous SiO3 (3), and that

the TO mode peak of PECVYD SiO» shifts to higher frequency, and the optical constants

R R
atalalalan ot

and density of the film approach that of thermal oxide, when the films are heat treated !s
(5). The improvement in film quality is attributed to structural changes in the SiO) ,;j
lattice brought about by thermal annealing. This is in agreement with our observation 2:-:]
that the LO mode peak frequency is also shifted to the blue following heat treatment of :1_
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the PECVD grown films. The characteristics of the LO mode band (frequency, intensity,

and shape) are affected by many factors (stoichiometry, density, voids, and impurities)

and are a sensitive indicator of film quality. While the LO mode absorption peak can

not differentiate between these factors, their presence is indicated by comparison to the

appearance of the absorption peak for the pure material. Impurities might also be

M TS ™ o L g ]

detected by peaks in other regions of the IR spectrum. Work by one of us has shown

1 that SiOy layers deposited at low temperatures contains voids, as well as Si-H and OH :
; X
bonds that are detrimental to the quality of the layer and the electronic properties of :
A
the passivated dielectric/semiconductor interface (1). These defects form at the expense e
of the Si-O bond and large numbers of such defects are accompanied by a decrease in

the x value of SiOyx. The x value has been directly related to the position of the 1080 ,

em~! peak in these low temperature films since the stress related changes in the f

:Q

vibrational mode can be ignored in low temperature layers,

As mentioned previously, the LO peak position and the optical constants indicated

LA S

that the films grown in the modified reaction chamber were not of the same quality as
those grown in the original chamber. The LO mode peak frequencies of the films grown
on samples in the original reaction chamber were measured by putting the samples in

the IR diagnostic reaction chamber and purging with nitrogen. These LO peak
frequencies were consistently shifted to the blue of the LO frequencies of films grown

in the modified reaction chamber. The obvious differences between the two reaction

— = s m e e ———

chambers were the presence of the IR windows and the placement of the substrate

LA EE

»
LA N )

relative to the RF induced plasma (ca. 3 cm closer in the diagnostic chamber). Previous

work (1) has indicated that the placement of the substrate relative to the plasma is

v". ‘f';

critical. Unfortunately, the positioning of the IR windows did not allow for the same
sample verses plasma configuration as in the original reaction chamber used to develop
the low temperature PECVD technique. Other problems with this modified reaction

chamber were clearly indicated by the coating of the quartz tube with an unidentified ,
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white powder which does not occur in the original reaction chamber. Clearly, some

further engineering work is needed to permit in-situ measurements without compromising

the design of the PECVD reactor.
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CONCLUSION

This paper has demonstrated the utility of PEM modulated FTIR spectroscopy as an

in-situ analysis technique for PECVD SiO films. The in-situ analysis capability allows

e, %

for significant savings in time through on-line reaction parameter adjustment and

"
optimization, routine monitoring of material quality, and benefits by the elimination of ‘:'
misleading results due to contamination and damage caused by the handling of samples f::

w4
when moved from the reaction chamber to an analysis site. The use of the PEM [
provides an improvement in signal to noise ratio and selectivity for processes occurring ~

'

win
at the surface or interface of interest. Model calculations of the IRRAS experiment w7

LY

o]
were shown to be beneficial in selecting the appropriate angle of incidence for optimum _
sensitivity at the interface of interest. Sensitivity sufficient to detect the reststrahlen o

¥
band of the native oxide of silicon was demonstrated. Other dielectric films such as :{‘

he
B303-, P20s-, Asp03-Si03, Si3Ng, and SiNyOy (3) have LO modes in the IR range and ‘!

W
could be characterized using this technique. t‘,’._
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Table I =
5
Peak Frequency of the LO Absorption Band of SiOp -

Type Peak frequency

Thermal oxide 1257 to 1260 cm™1 (a)

PECVD 1205 to 1234 cm~! (b) o

70°C J"

P

A .,

-"q
-

PECVD 1242 cm™1

e

400°C

PECVD

DA it

227
[

P f l&'.‘..

deposited at 70°C 1240 cm~!

annealed at 400°C 1244 cm™!

T, T, 8
A
a

v

(a) range for 8 samples

'«
.
o

(b) range for SiO) deposited on Si, HgCdTe, and Al
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LIST QF FIGURES

1. Modeled IRRAS spectra (S, as defined later in the text) of a 1000 A film of
SiO5 on Si for angles of incidence of 55°, 45°, 35°, 25°, and 15°. The LO and
TO modes of the stretching vibrational mode are shown at 1260 cm™! and 1080

cm-! respectively, as well as the LO mode of the bending mode at 800 em~ 1,

2. Schematic of the PECVD reaction chamber used for deposition of SiOy films with

insitu monitoring by FT-IRRAS.

3. Diagram of the insitu optical diagnostics of the PECVD reaction system. A full

discussion is given in the text.

4. (a) IRRAS spectra (S, as defined by Eqn. 7) of PECVD SiOj on MCT was
recorded after reaction times of I, 3, 5, 10, 15, 20, 30, and 43 minutes. The
thickness after deposition was 1795 A, giving an average growth rate of 42
A/min. The refractive index of the final film was 1.438. Spectra of PECVD
SiOp grown on Si under the same conditions are identical to the spectra shown
here (see Figure 5).

(b) IRRAS spectra of PECVD SiO) on Al was recorded after reaction
times intervals of 2, 7, 12, and 22 minutes. The final thickness was 676
A, giving an average growth rate of 31 A/min. Note the change in the

ordinate scale which shows that §S is smaller, for an equivalent film

thickness, for Al substrates than for Si substrates due to the higher
reflectivity of the bare Al surface. Also notice that the TO absorpti~n

band (at 1080 cm'l) is completely suppressed on metallic substrates.



Intensity of the spectral change, 6S, at the LO absorption band peak vs. film o~

by
thickness of SiOy on Si. The spectra from which the data were obtained are '
shown in the insert.
(a) IRRAS spectrum of thermally grown SiO on Si, thickness = 1161 A, n =
1.47, using a calibration spectrum from a different bare Si wafer.
(b) typical spectrum of "good" PECVD SiO3 ~n Si, grown at 70° C, d =
1079 A, n = 1.422,
(c) typical spectrum of "poor” PECVD SiO> on Si, grown at 70° C, d =
1127 A, n = 1.33.
An IRRAS spectrum (8S) for a bare Si wafer, polished on both sides, placed on
an Al mirror and using the Al mirror reflectivity as the initial conditions (Eqn.
7). Absorption bands are due to interstitial oxygen (1106 cm'l) and native oxide
at the gas/oxide interface (1224 cm‘l). .'

(a) A transmission spectrum from the ratio of the dc interferograms from a

EAE R -1 .
ERAA NI

Si0; film covered Al substrate to that from the bare Al. The LO and TO bands

.

are at 1217 cm~! and 1055 cm™! respectively. This spectrum represents all
deposition induced absorptions in the optical path.

(b) A transmission spectrum from the ratio of the ac interferograms that were
obtained at the same time as the above dc interferograms. The LO absorption

band is at 1218 cm~!. This spectrum represents only polarization dependent

absorptions from material deposited on surfaces at non-normal angles of

&
A

1
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incidence to the IR beam.
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9. (a) The IRRAS spectrum (6S) calculated for 100A of SiO> on Si in the

7

reststrahlen band region versus angle of incidence (intervals of 2°) using

. ‘.1{1!_ . .

the wavelength dependant optical constants for SiOy and Si. In this

calculation the background non-absorbing surface was modeled by setting

e

o

o

the imaginary part of the refractive index, k, of SiOj to zero.

s
Fd
g

(b) &S from figure 9(a) at 1260 em~! versus angle of incidence.

P4

L

Brewsters angle, 72°, is noted on the figure.

e =l A
SIS

ARk

<

10. (a) &S calculated for SiO; on Si versus wavenumber and increments of 100A in

thickness, d. The angle of incidence was 60°.

\};.‘x"‘.
%,

(b) The angle corresponding to the maximum in §S (i.e. the optimum

_1} \"‘1 "n ’

P

angle for IRRAS sensitivity) below the Brewsters angle for a given

u

thickness, d, of SiO5 on Si versus the thickness of the SiO film.

i@

-7,

" %
1

(c) &S versus the thickness of the SiOj film, d, for the optimum angle

&

,
24

o

of incidence at each thickness, and for the fixed angles of incidence, 60°

A

and 55°.
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